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Microfluidics[1](#advs201500125-bib-0001){ref-type="ref"}, [2](#advs201500125-bib-0002){ref-type="ref"} is a continuously growing field, of great interest in chemistry,[3](#advs201500125-bib-0003){ref-type="ref"} physics,[4](#advs201500125-bib-0004){ref-type="ref"}, [5](#advs201500125-bib-0005){ref-type="ref"} drug discovery,[6](#advs201500125-bib-0006){ref-type="ref"} biology,[7](#advs201500125-bib-0007){ref-type="ref"}, [8](#advs201500125-bib-0008){ref-type="ref"} chemical biology,[9](#advs201500125-bib-0009){ref-type="ref"} biomedical research,[10](#advs201500125-bib-0010){ref-type="ref"} tissue engineering,[11](#advs201500125-bib-0011){ref-type="ref"} and most recently, organs‐on‐chip.[12](#advs201500125-bib-0012){ref-type="ref"} The small amounts of liquid required for experiments, the physics of fluids at the micro domain and the lab‐on‐chip approach make microfluidics one of the interdisciplinary field par excellence.[13](#advs201500125-bib-0013){ref-type="ref"} To date, polydimethylsiloxane (PDMS) is the most popular material in research laboratories for the fabrication of microfluidic devices.[14](#advs201500125-bib-0014){ref-type="ref"}, [15](#advs201500125-bib-0015){ref-type="ref"}, [16](#advs201500125-bib-0016){ref-type="ref"} It is relatively cheap and easy to manipulate, gas permeable and has a refractive index of 1.4, close to the one of glass. For the manufacturing of microfluidic PDMS devices, generally a master is needed, usually obtained by clean‐room lithography of silicon wafers. Consecutively, PDMS is poured on the master, and after curing, the rubber must be carefully peeled off from the master and subsequently chemically bonded to another surface after activation with oxygen plasma or using chemical solutions.

Notwithstanding the great potential, two main bottlenecks inhibit a more widespread use of PDMS devices. First, the PDMS fabrication method is considered too complex for many scientists without any experience in microfabrication.[9](#advs201500125-bib-0009){ref-type="ref"} Second, achieving a 3D (multilevel channels or a single channel with different sizes) using standard fabrication methods is rather complicated, as multiple layers of PDMS must be fabricated and then sealed together to create an internal 3D channel.[17](#advs201500125-bib-0017){ref-type="ref"} In recent years, sacrificial mold or fugitive ink is used for fabricating PDMS microfluidic devices. Although the use of sacrificial mold is a step forward in simplifying the fabrication of microfluidic devices, it still requires either harsh condition like the use of high temperatures for creating,[18](#advs201500125-bib-0018){ref-type="ref"} or removing,[19](#advs201500125-bib-0019){ref-type="ref"} a template, applying heavy swelling for pulling out the template,[20](#advs201500125-bib-0020){ref-type="ref"}, [21](#advs201500125-bib-0021){ref-type="ref"} or the use of complex mold fabrication such as using chitosan [22](#advs201500125-bib-0022){ref-type="ref"} or isomalt printed with an heavily modified 3D printer and backfilled with epoxy resin.[23](#advs201500125-bib-0023){ref-type="ref"}

Recently, 3D printing has been used either to print masters for soft lithography mold,[24](#advs201500125-bib-0024){ref-type="ref"} or to directly print microfluidic devices.[25](#advs201500125-bib-0025){ref-type="ref"}, [26](#advs201500125-bib-0026){ref-type="ref"}, [27](#advs201500125-bib-0027){ref-type="ref"} In the first case, although the mold is easily printed, it has the same limitation for creating multilayer and complex microfluidic devices than the standard clean room lithography. The limitation of 3D printing directly the microfluidic devices lies mainly in the material used and, so far only one example of 3D printed PDMS membrane is present in literature with the limitation of using PDMS mixed with colored photoresist, thus not pure PDMS and giving non transparent devices.[28](#advs201500125-bib-0028){ref-type="ref"} PDMS is usually preferred over other 3D printing plastics because of a) its gas permeability, useful in biology for keeping cells and bacteria alive for long time in the microfluidic chip; b) its elasticity, capable of making micro pumps and valves in the device and c) its simple chemical modification using well known silane chemistry, difficult thing to do on 3D printing plastics and d) its transparency. Moreover, embedding other functionalities as described in this research, is extremely hard or even impossible using a 3D printer for directly printing a microfluidic chip.

Here we present an easy two‐step acrylonitrile butadiene styrene (ABS) scaffold‐removal method for achieving 3D, multilayer, intricate, micrometric channels in a single block of PDMS. We also show how, using the scaffold‐removal fabrication method, external components, such as heating elements, electronics or RF circuitry, can be embedded directly in microfluidic devices. A most striking example is the fabrication of a high‐resolution nuclear magnetic resonance device that provides molecular analysis of just microliter volumes. Using the ABS scaffold‐removal method, there is no need of lithography steps nor silicon masters, no need of bonding the PDMS on surfaces nor of repetitive procedures for obtaining multilevel channels, making the fabrication of microfluidic devices easy, low‐cost and opening up the field for a plethora of scientists working in different areas. We baptize this methodology ESCARGOT: Embedded SCAffold RemovinG Open Technology.

In order to avoid the use of silicon masters and (clean room) lithography, and the subsequent bonding of PDMS to another surface or the complex fabrication of sacrificial molds, we propose the use of an off‐the‐shelf plastic polymer, used for 3D printing, as scaffold for creating micrometric sized channels. The scaffold plastic polymer can be inserted into liquid PDMS, and after curing of the latter, dissolved using a PDMS‐inert solvent, leaving an empty cavity inside the PDMS (**Figure** [**1**](#advs201500125-fig-0001){ref-type="fig"}, and Video S1, Supporting Information). With this method, any 3D channel structure, even extremely intricate ones, can be created in two easy steps, basically without knowledge of, or experience in, microfabrication or lithography. In addition to the simple fabrication method we also show how, using this method, it is easily possible to integrate external components such as UV‐LED, heating unit, ship‐in‐a‐bottle, and even a fully functional NMR microcoil.

![Schematic representation of the ABS scaffold‐removal fabrication method for manufacturing microfluidic devices. An ABS plastic scaffold is modeled, or 3D printed, in the desired shape (left). Consecutively, it is suspended in PDMS with or without the addition of external components and then the polymer is cured (middle). Finally, the scaffold is removed by immersion in acetone creating the microfluidic channels (right).](ADVS-2-0o-g001){#advs201500125-fig-0001}

One of the most common plastics used for the fused deposition modeling (FDM) 3D printing, is the cheap (less than 20¤ per kg) and commercially available ABS.[29](#advs201500125-bib-0029){ref-type="ref"} We extruded ABS plastic with the aid of a 500 μm nozzle giving filaments of approximately the same diameter. These scaffolds were then suspended into liquid PDMS and the latter was cured at 75 °C for 2 h, after which it was immersed in acetone for 12 h, dissolving the scaffolds. Acetone was the solvent of choice for dissolving ABS whilst its swelling ratio (S) for PDMS is as low as 1.06.[30](#advs201500125-bib-0030){ref-type="ref"} A final flushing with acetone completely cleaned the inner channel, creating de facto a PDMS microfluidic device. Changing the nozzle of an off‐the‐shelf 3D printer to nozzle with smaller diameter of 400, 300, and 200 μm is easy and provides microfluidic channels of the same diameter (Figures S2 and S3, Supporting Information). It is not hard to imagine that, giving the rise of commercially available 3D printers, in the next year nozzles with diameters of about 100 μm or even smaller will hit the market. At those scales, roughness of few micrometers is non influential for the performance of the microfluidic chip, and this roughness is comparable to commercially available sandblasted glass microfluidic chips. Although the roughness due to the nozzle is in the order of few micrometers, the one coming from the layer by layer ABS deposition for more complex designs is much higher and it is dependent by the resolution of the printer, spanning from 100 to 10 μm.

Many different 3D channels were readily created using the ABS scaffold‐removal method (**Figure** [**2**](#advs201500125-fig-0002){ref-type="fig"}, and Video S2, Supporting Information): spiral channels (Figure [2](#advs201500125-fig-0002){ref-type="fig"}a), multichannels with different geometries (Figure [2](#advs201500125-fig-0002){ref-type="fig"}b) and channels with compartments differing in size (Figure [2](#advs201500125-fig-0002){ref-type="fig"}c). As further proof of concept, a complex 3D multilevel scaffold based on the Hilbert curve[31](#advs201500125-bib-0031){ref-type="ref"} was designed and 3D‐printed utilizing ABS fuse deposition modeling. Also in this extreme case, with the single channel inside the PDMS having a length of 35 cm and containing 1.4 cm^3^ of ABS, it was still possible to remove the plastic with subsequent baths in dichloromethane and acetone (Figure [2](#advs201500125-fig-0002){ref-type="fig"}d).

![Various 3D multilayer PDMS microfluidic devices fabricated using the ABS scaffold‐removal method. a) Spiral microfluidic device; b) a microfluidic channel wrapped around another one; c) a single channel with different diameter and d) a microfluidic device fabricated using a 3D printed object used as scaffold. Diameter of the channels is 500 μm in (a) and (b), 500 μm and 90 μm in (c), and 2 mm in (d).](ADVS-2-0o-g002){#advs201500125-fig-0002}

Integrating external elements directly in the microfluidic device is desirable for lab‐on‐a‐chip approaches but difficult to achieve using standard PDMS fabrication methods. We incorporated stirring bars, electronic circuitry, heating elements, and radiofrequency (RF) components, illustrating the wide and versatile applicability of this method (**Figure** [**3**](#advs201500125-fig-0003){ref-type="fig"}, and Video S3, Supporting Information).

![Various electronic components embedded in microfluidic chips. a) a 390 nm UV‐LED illuminating a fluorescent dye in the channel; b) a resistance wire, used as selective heating unit; a thermochromic dye changes color only where the resistance wire is coiled around the channel; c) a 32 μm copper wire wrapped around a microfluidic channel is used as solenoidal microcoil allowing high‐resolution NMR spectroscopy on 2 μL sample volumes; the insert shows the ^31^P‐coupled ^19^F spectrum of a NaPF~6~ solution in water, values in ppm; d) a fully functional Arduino microcontroller coupled with a color sensor embedded into the PDMS chip. The diameter of the channels in all the pictures is 500 μm.](ADVS-2-0o-g004){#advs201500125-fig-0003}

External components in a cavity bigger than the size of the channels guiding to it, so‐called "ship‐in‐a‐bottle,"[32](#advs201500125-bib-0032){ref-type="ref"} can be included in the ABS polymer and subsequently released during the acetone treatment. In this way a small cylindrical 1 × 1 mm magnet was inserted in a microfluidic chamber (Video S3 and Figure S11, Supporting Information).

As PDMS is nonconductive (resistivity 10^13^--10^15^ Ω/cm) and acetone is a noncorrosive solvent, electronic components can also be embedded directly in the design. These can be simply inserted in the PDMS together with the microchannel scaffolds before curing it, then the acetone treatment removes only the scaffold leaving the electronics intact. In this way we inserted a 390 nm LED for the optical detection or electronic excitation of chemicals in the microfluidic channel (Figure [3](#advs201500125-fig-0003){ref-type="fig"}a).

Another problem usually associated with microfluidic chip is the difficulty of heating only part of the channel inside the chip. Taking advantage of PDMS its low thermal conductivity (0.15 W m^−1^ K) we envisioned a selective heating unit inside a microfluidic device. A 200 μm Nichrome resistance wire was loosely wrapped around the ABS polymer scaffold and inserted in PDMS. After the curing step and dissolving the ABS scaffold, a voltage of 1.2 V with 0.35 A sufficed for selectively heating a thermochromic dye above 27 °C only in the part of the channel surrounded by the resistance wire (Figure [3](#advs201500125-fig-0003){ref-type="fig"}b, and Video S3, Supporting Information). Temperatures can be varied and the 200 μm wire allows, for example, to boil water inside the channel (Video S3, Supporting Information). This simple and selective heating element embedded in the microfluidic chip can be of great value for designing chips to perform, e.g., biological experiments such as PCR, sterilization inside the microchannels or for setting different temperatures for organ‐on‐chips or cell cultures.

NMR spectroscopy is arguably one of the most powerful analytical tools available to the scientific community. However, NMR is a notoriously insensitive technique because of the unfavorable Boltzman distribution of the spin states, severely compromising analysis of mass‐ and volume‐limited samples, like in microfluidics. Approaches to solve sensitivity issues comprise most expensive and technologically demanding solutions as using extreme magnetic field strengths and complex NMR probe techniques.[33](#advs201500125-bib-0033){ref-type="ref"} Alternatively, down‐scaling the RF transceiver coils to match the size of the sample significantly increases the sensitivity,[34](#advs201500125-bib-0034){ref-type="ref"} although these small‐volume probes still require technological demanding fabrication methods.[35](#advs201500125-bib-0035){ref-type="ref"} We decided to exploit the concept of ABS scaffold‐removal to make a simple and cheap, yet most sensitive NMR sensor. A 32 μm copper wire was wrapped around a 500 μm ABS filament, resulting in a final channel encompassed by a solenoidal NMR microcoil (Figure [3](#advs201500125-fig-0003){ref-type="fig"}c), with a detection volume of only two μL; normal NMR tubes contain about 500 μL sample volume. This microfluidic device was integrated on a cylindrical aluminum probe insert and placed inside a 9.4 T narrow‐bore superconducting NMR magnet. Tuning the resonance circuit to 376 MHz, straightforwardly allowed high‐resolution NMR spectra to be obtained (Figure [3](#advs201500125-fig-0003){ref-type="fig"}c insert). Line‐widths at half peak‐height were obtained of about 3 Hz and resolving heteronuclear spin--spin couplings, opening up the way to further optimization and applications (Figures S15 and S16, Supporting Information). The lines of the doublet observed in the ^31^P‐coupled ^19^F‐spectrum of a 1 [m]{.smallcaps} NaPF~6~ sample correspond to an amount of one micromole of spins that is detected. This amount is in the order of the lower mM concentrations measurable in conventional NMR probes; further optimization of the probe coil is currently ongoing to allow for an increased concentration as well as mass sensitivity. In addition, we calculated that the material costs for fabricating this device is less than two euro. Thus, the microfluidic NMR‐device, in which sample container and transceiver coil are integrated, is cheaper than a standard NMR tube, and orders of magnitude cheaper than an NMR probe head worth several thousand euro.

Last proof of the versatility of the ABS scaffold‐removal method was the embedding of a fully functional color sensor and a microcontroller directly in a microfluidic device (Figure [3](#advs201500125-fig-0003){ref-type="fig"}d). An Arduino micro and a color sensor were wired together and immersed in PDMS with an ABS scaffold. After curing the PDMS and removing the ABS polymer with acetone, the resulting microfluidic channel was right on top of the color sensor. Hooking up the Arduino to a computer revealed all the components of the microcontroller and the sensor to be working properly.

Thus, even complex electronics can be easily embedded in PDMS microfluidic devices reducing the amounts of external components needed for using, screening and analyzing experiments in microfluidics devices.

Although in its infancy, where roughness and channel sizes can still be improved by the ongoing 3D printing technology, the ABS scaffold‐removal method is simple and cheap compared to the current fabrication methods, yet powerful and versatile in creating 3D multilevel and intricate microfluidic channels in PDMS. Moreover additional elements like heating coils, RF circuitry or electronic components can be embedded directly, opening up new windows for the various fields of microfluidics and PDMS devices. Creating multilevel 3D microfluidic devices can be of benefit in many different fields, for example in fabricating complex vascular systems for organ on chips, or in handling spherical droplets in tubular channels of different sizes or in mixing liquids. Because of the multidisciplinary fields of applications we can envision, the simplicity of this method, coined ESCARGOT, is of great value for all scientists willing to work with microfluidic devices, regardless of their background.

Experimental Section {#advs201500125-sec-0020}
====================

SYLGARD silicone elastomer 184 and SYLGARD silicone elastomer 184 curing agent were obtained by Dow Corning Corporation. A 3D SIMO pen was used for extruding 1.7 mm ABS, plastic filament that was obtained from the same vendor. 3D print of Hilbert cube was ordered online and 3D printed by ridix.nl (Rotterdam, the Netherlands) using a Dimension SST 1200es printer and by 3dhubs.com using a Duplicator 4 printer.

Acetone was obtained from Sigma‐Aldrich. Sparkfun RGB color sensor ADJD311 was bought from sparkfun.com, thermochromic dye from mindsetsonline.co.uk, Arduino micro and 200 μm Nichrome resistance wire from rs‐components.

The ABS plastic filament was extruded through a 500 μm nozzle (3D SIMO pen) or a Craftbot 3D printer with 400, 300, and 200 μm nozzle and then modeled into the desired 3D shape with the help of a soldering iron set (100 °C) or printed with a fused deposition modeling 3D printer. The modeled ABS plastic was then immersed in a well mixed solution of 10:1 sylgard 184/sylgard 184 curing agent. The PDMS was then placed under vacuum for removing air bubbles and cured for 2 h at 75 °C, or overnight at room temperature. The PDMS was consecutively left for 12 h in acetone, after which the microchannels were cleaned with acetone and dried with a flow of compressed air.

NMR spectroscopy was performed on an Oxford Instruments 9.4 T superconducting magnet, equipped with a 14‐coils shimming set‐up, interfaced with a Varian Inova spectrometer. The ABS‐NMR device was a cylindrical shaped PDMS disk of about 4 cm in diameter and 1 cm height, positioned on top of an aluminum cylinder of a sacrificed NMR probe. The detection volume encompassed by the solenoid sums up to ≈2 μL. The two 32 μm ends of the copper solenoid wire were soldered to two connection leads with a variable (3--18 pF) capacitor in parallel, and wired to the tuning and matching circuit of the probe, respectively grounded, allowing the fine‐tuning of the resonance circuit to be done with the probe positioned inside the magnet. Experiments were run in non‐locked mode, typically using single‐scan acquisitions using the Vnmrj 2.2D software. For the ^19^F‐NMR experiments the coil was tuned to 376 MHz, and the acquired data were processed using Mnova (MestreLab, Santiago de Compostela, Spain).
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